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Hydrogen-Bonded Complexes of Adenine and Thymine 
Nucleoside Alkyl Phosphotries ters in Deuteriochloroformf 

G. DeBoer, P. S. Miller, and P. 0. P. Ts’o* 

ABSTRACT: The association of neutral analogs of adenine and 
thymine dinucleoside monophosphates in deuteriochloroform 
was investigated by infrared spectroscopy. This is the first 
time that such studies have been done at the dimer level; be- 
cause of solubility requirements, such experiments could be 
done only when nucleoside alkyl phosphotriesters became 
available. Association constants for both self-association and 
cross-association were determined by analysis of divergence 
from Beer’s law of N H  and NH2 stretching bands. The com- 
plementary dimers associated with an intrinsic constant of 
192 M-‘ as compared to a value of 92 M-’ for the correspond- 
ing monomers. The relatively low value for the dimers in- 
dicates that the association process is not cooperative. The 

H ydrogen bonding of purineand pyrimidine basesand nu- 
cleosides in organic solvents has been studied by a variety of 
methods in several laboratories. Only pertinent references 
concerning adenine and thymine (or uracil) association are 
cited here (Hamlin et ut., 1965; Kyogoku et a/ . ,  1966, 
1967a,b, 1969; Katz and Penman, 1966; Katz, 1969; Nagel 
and Hanlon, 1972). Most of these studies were pone in non- 
polar organic solvents in order to minimize solvent competi- 
tion for hydrogen-bonding sites and to eliminate hydrophobic 
stacking interactions. The reason for such studies is to try to 
understand the origin of the specificity in the basic pairing 
scheme in polynucleotide complexes in terms of “electronic 
complementarity” (Kyogoku et al.,  1969). 

In the present study, we were able to examine dimer-dimer 
association in chloroform for the first time because of the 
availability of alkyl phosphotriesters. With suitable blocking 
groups on the sugar hydroxyls, these compounds are readily 
soluble in chloroform. The two residues of the dimers were 
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two residues of the dimers behave nearly independently in 
the association process; therefore, the restriction on the rota- 
tion about the bonds of the backbone must be small. Thk  
conclusion is discussed in relation to recent reports on un- 
perturbed dimensions of polynucleotides in aqueous solution. 
The results reinforce the conclusion from the studies on poly- 
nucleotides that the restriction of the rotation of the hackbone 
of a polynucleotide in solution cannot be due to steric hin- 
drance alone. Our data support the suggestion that the elec- 
trostatic interaction between the charged groups of the poly- 
nucleotide backbone and that between the charged groups and 
water could be the cause of the rigidity of the polynucleotide in 
a random coil conformation observed in aqueous solution. 

observed to behave almost independently in the association 
process; hence. there is little restriction of rotation about the 
bonds in the backbone. The relationship of these findings to 
recent studies on unperturbed dimensions of polynucleotides 
in aqueous solution is discussed. 

Materials 

1-Cyclohexylthymine (T) and kthyladenine (A) were 
purchased from Cyclo Chemical Co. Deuteriochloroforni 
(99.8%) from Merck and Co. was dried over type 4A molec- 
ular sieves before use. All compounds used for hydrogen 
bonding were dried for 3 hr in an Aberhalden with refluxing 
acetone in the presence of P 2 0 i  on aspirator vacuum 

Chetnicul Synthesis of rlie Pliospliorriesters 
Generul Strrrregj.. The protected thymidine triestci’. Tp- 

(Et)T, was prepared by condensation of a protected nucleo- 
side (MTrT) with the ethyl ester of the protected nucleosidc 
5 ’-phosphate (d-EtpTOAc) followed by purification by silica 
gel chromatography. The preparation of the protected adenine 
triester, dAp(Et)dA, involved first synthesis of the fully pro- 
tected triester d-DMTrABzp(C2H ,)A(Bzj:?OBz. The N-benzoyl 
groups were then selectively removed by treatment with hy. 
drazine hydrate (Letsinger et ul., 1968). 

Anu/.ytical Procedures. Thin layer chromatography was 
carried out on Eastman 6060 chromatogram sheets. Paper 
chromatography was performed ciu the descending techniquc 
on Whatman 3MM paper using the following solvent sys- 
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tems: solvent A, 2-propanol-concentrated ammonium hy- 
droxide-water (7: 1 :2, v/v); solvent C, 1 M ammonium ace- 
tate-95z ethanol (3 :7, v/v, pH 7.5). Ultraviolet spectra were 
recorded on a Cary-15 uv spectrophotometer. Melting points 
were determined on a Fisher-Johns apparatus and are un- 
corrected. Elemental analyses were performed by Micro 
Tech Laboratories, Skokie, Ill. 

Preparation of Starting Materials. 5 '-0-Mono-p-methoxy- 
tritylthymidine, N6-benzoyl-5 '-0-di-p-methoxytrityldeoxy- 
adenosine (Schaller et al., 1963), 3 '-0-acetylthymidine 5 '- 
phosphate (Khorana and Vizsolyi, 1961), and N1,N6,03'- 
tribenzoyldeoxyadenosine 5 '-phosphate (Ralph and Khorana, 
1961) were prepared by methods described in the literature. 
2,4,6-Trimethylbenzenesulfonyl chloride (Aldrich Chemical 

Co.) was recrystallized from pentane before use (mp 54-55"). 
Anhydrous pyridine was prepared by distillation of com- 
mercial material containing p-toluenesulfonyl chloride onto 
potassium hydroxide, followed by redistillation onto molecular 
sieves (Linde Type 4A). 

Ethyl Ester of 5'-Mono-p-methoxytritylthymidylyl-(3'-5')- 
3 '-0-acetylthymidine (Structure I ) .  The ethyl ester of 3 '-0- 

I M T r T p l E t l T O A c  or  T p ( E t 1 T  
R:MMTr  , R ' = o c e l y l  , B *  thymine 

II d - D M T r A p l E l l A O B r  or d A p l E l l d A  
R : D M T r ,  R':benroyl , B:odenine 

acetylthymidine 5 '-phosphate was prepared by the reaction 
of pyridinium thymidine 5'-phosphate (900 mg; 2.5 mmol) 
with 100 ml of anhydrous ethanol in a solution containing 35 
ml of anhydrous pyridine, 64 ml of triethylamine, and 10 g of 
dicyclohexylcarbodiimide. After 3 days at room temperature 
20 ml of water was added, the solution was filtered, the sol- 
vents were evaporated, and the residue was dissolved in 150 
ml of water. The aqueous mixture was extracted with ether 
(2 x 100 ml), followed by concentration and examination 
by paper chromatography and paper electrophoresis. One 
compound, RFc 0.84 (RF"(dpT0Ac) 0.66), R, 0.50 relative to 
dpT, was observed corresponding to the desired d-EtpTOAc. 
The aqueous solution was evaporated and the residue was dis- 
solved in pyridine. 

5 '-0-Mono-p-methoxytritylthymidine (514 mg; 1 mmol) 
was added to the pyridine solution containing d-EtpTOAc 
(2.5 mmol) and the solvents were evaporated. The resulting 
gum was rendered anhydrous by repeated evaporation with 
pyridine (3 X 5 ml). The gum was dissolved in 4 ml of dry 
pyridine and treated with mesitylenesulfonyl chloride (550 
mg; 2.5 mmol) for 24 hr at room temperature. Additional 
pyridine (4 ml) was added, and the solution was treated with 
8 ml of ice water. The aqueous solution was taken up in 40 
ml of chloroform. The chloroform solution was extracted 
with water (2 X 40 ml) and dried over anhydrous sodium sul- 
fate. After filtration the chloroform solution was concen- 
trated and chromatographed on a silica gel column (3 x 
30 cm) using ethyl acetate (1 1.) and 50% ethyl acetate-tetra- 
hydrofuran (750 ml) as solvents. Material with R:toAc 
0.16 (silica gel) was collected, the solvents were evaporated, 
and the residue was precipitated from tetrahydrofuran by 

addition of hexane. The triester was further purified by thick- 
layer silica gel chromatography using ethyl acetate as solvent 
to give 82 mg of MTrTp(C2HS)TOAc: RF 0.15, RFduran 
0.65 (silica gel tlc); mp 117-120". 

A portion of the triester (2 mg) was treated with 0.2 ml of 
80 % acetic acid for 4 hr at room temperature. The solvent was 
evaporated and the residue was treated with 1 N sodium 
hydroxide in 0.2 ml of 50% aqueous pyridine for 10 min at 
room temperature, followed by neutralization with Dowex 
pyridinium resin. The resin was filtered and the solution after 
concentration was subjected to silica gel tlc. One nucleotidic 
compound was observed corresponding to previously pre- 
pared unprotected Tp(CnHS)T, RFruran 0.33 (Miller et al., 
1971). 

Ethyl Ester of 5'-O-Di-p-methoxytrityIdeoxyadenylyl-(3'- 
5 9-3 '-0-benzoyldeoxyadenosine (Structure 11). N6-Benzoyl- 
5 '-0-di-p-methoxytrityldeoxyadenosine (673 mg ; 1 mmol) 
and the bispyridinium salt of N',N6,03 '-tribenzoyldeoxy- 
adenosine 5l-phosphate (445 mg; 0.55 mmol) were dried by 
evaporation with anhydrous pyridine (3 x 5 ml). The gum 
was dissolved in dry pyridine (5 ml) and treated with mesityl- 
enesulfonyl chloride (327 mg; 1.5 mmol) at 0". After 4 hr at 
room temperature, the solution was treated with ice water 
(5 ml). Additional pyridine (10 ml) and water (150 ml) were 
added, followed by extraction with n-butyl alcohol (75 ml). 
The butanol phase contained d-DMTrABz, RL0% MeoH-H'furan 

0.22 (silica gel tlc). Removal of the protecting groups 
by treatment with 5 0 z  concentrated ammonium hy- 
droxide in pyridine (1 ml, 3 days) and with 80% aqueous ace- 
tic acid (1 ml, 15 min) gave, after paper chromatography, dA, 
R$ 0.63, and d-ApA, R$ 0.33. The butanol was evapo- 
rated and the residue was dried by evaporation with pyridine 
(3 X 5 ml). The gum was dissolved in a solution containing 
dry N,N-dimethylformamide (10 ml), dry 2,6-lutidine (5 ml), 
and dry ethanol (5 ml), and was treated with p-toluenesulfonyl 
chloride (1.9 g;  10 mmol) at 0". After 1 hr at room tempera- 
ture, the solution was cooled to O " ,  additional ethanol ( 5  ml) 
and p-toluenesulfonyl chloride (1.9 g) were added, and the 
solution was kept another hour at room temperature. Ice 
water (10 ml) was added, the solvents were evaporated, and 
the residue was evaporated with several portions of ethanol. 
The residue was dissolved in chloroform (50 ml) and ex- 
tracted with water (2 X 50 ml). The combined aqueous ex- 
tracts were extracted with chloroform (50 ml), and the com- 
bined chloroform extracts were dried over anhydrous sodium 
sulfate. After filtration, the chloroform was evaporated and 
the residue was chromatographed on silica gel (3 x 35 cm) 
using ethyl acetate (500 ml) and tetrahydrofuran (250 ml) as 
solvents. Material with RFoAC 0.25 (silica gel tlc) was 
collected, the solvents were evaporated, and the residue was 
precipitated from tetrahydrofuran by addition of hexane to 
give d-DMTrABzp(C2H5)AfBz)20Bz: mp 118-122" ; yield 294 
mg (40%); uv X22" 235,277 mp; 

Anal. Calcd for C71H63N1004P.H20: C,  64.14; H, 4.92; 
N, 10.53. Found: C, 64.01; H 4.63; N, 10.52. 

The d-DMTrABzp(C2H5)A(BZ)20Bz (290 mg; 0.21 mmol) 
was dissolved in a solution containing pyridine (4 ml), glacial 
acetic acid (1 ml), and 85% hydrazine hydrate (0.16 ml). 
The solution was kept at room temperature for 16 hr, after 
which the solvents were evaporated and the residue was 
evaporated with several portions of ethanol. The resulting 
pale yellow syrup was dissolved in chloroform (50 ml), ex- 
trated with water (50 ml), and, after concentration, chro- 
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EtOAc 

0.64, and d-DMTrABz pA(BZ)zOBz, Rko% h.'eoH-H4furan 

223,265 my. 
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matographed on silica gel (3 X 25 cm) using ethyl acetate 
(500 ml), tetrahydrofuran-ethyl acetate (1 : 1, 500 ml), 5 % 
methanol in tetrahydrofuran (500 ml), and 10% methanol in 
tetrahydrofuran (250 ml) as solvents. Material with 

0.04 was collected, the solvents were RI: 
evaporated, and the residue was precipitated from tetra- 
hydrofuran by addition of hexane to give d-DMTrAp(C2H5)- 
AOBz: mp 115-119"; yield 156mg (69%); uv A%:" 235, 258 
mp; Amin 222, 247 mp. 

Anal. Calcd for C j ~ H j l N l o O l ~ P ~ H 2 0 :  C, 59.04; H ,  5.25; 
N,  13.77. Found: C, 59.05; H, 5.06; N,  13.88. 

A solution containing d-DMTrAp(C,HJAOBz (5 mg) in 
pyridine (0.25 ml) was treated with 2 N sodium hydroxide 
(0.25 ml) at room temperature for 10 min. The solution was 
neutralized with Dowex 50-X pyridinium resin and, after 
filtration and evaporation, the residue was treated with 80% 
acetic acid (0.5 ml) for 1 hr at room temperature. The solvents 
were evaporated and the residue was subjected to paper 
chromatography. The only nucleotidic material observed 
corresponded to unprotected d-Ap(CsH5)A, RF 0.57 (Miller 
et al., 1971). 

EtOAc-Hpfuran, 1 : 1 

EtOH 

Methods 

Infrared Measurements. All infrared (ir) measurements were 
made on a Beckman IR-9 spectrophotometer. Spectra were 
recorded in the absorbance mode using double beam opera- 
tion without compensation for the solvent. The wave number 
range from 3100 to 3800 cm-' was normally examined. A 
fixed slit width calculated to give a resolution of 2 cm-I was 
routinely used. A sodium chloride cell (1.09-mm pathlength) 
and an infrasil quartz cell (5.00-mm pathlength) were em- 
ployed. 

Analysis of the Infrared Data. Association constants and ir 
extinction coefficients were determined from the dependence 
of the ir spectra on the concentrations of the interacting mole- 
cules. Concentrations were calculated from dry weights of 
compounds put in solution. Ultraviolet extinction coefficients 
determined from such solutions were sometimes used in subse- 
quent concentration determinations. Data were analyzed 
graphically using several linear relations which are easily de- 
rived from the Beer-Lambert law and the mass-action ex- 
pression. For self-association, the following equation applies 
(Kyogoku et al . ,  1967a) 

Here AB is absorbance of a band at  wave number i; due to 
unassociated molecules, E is the molar extinction coefficient, 
I is the pathlength, K is the self-association constant, and Co 
is the input monomer concentration. In a typical self-associa- 
tion experiment, spectra were recorded at several input con- 
centrations in the range 0.005-0.08 M in a 1.09-mm cell. 
Plots of A,- cs. Co/A,- yielded straight lines in accordance with 
eq 1, and K and E were calculated from the slope and the inter- 
cept on the axis of abscissas. Spectra of 0.005 M solutions were 
also taken in a 5-mm cell for verification of band positions and 
extinction coefficients. 

For cross-association, equimolar solutions were prepared 
in the concentration range 0.002-0.02 M, and spectra were 
read in a 5-mm cell. Absorption bands of both associated 
and unassociated species were analyzed. The bands due to the 
unassociated species were analyzed according to eq 2, where 
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12) 

Co is the input concentration of each interacting species. 
Strictly speaking, this equation should be corrected for self- 
association (Kyogoku et a/ . ,  1967a), but this relatively small 
correction involves rather laborious calculations which were 
not considered worthwhile in view of the rather low accuracy 
of the ir measurements. The absorption bands due solely to 
bonded species were analyzed by eq 3. A plot of (A,)' L-s. 

(3) 

Co/(A,-)'" should be linear, and again E and K can be calcu- 
lated from the slope and the intercept on the (Co/(Ac)'".)  axis. 
A similar plot for self-association has been used by Pitha 
( 1 970). 

In the case of adenine self-association, there exists the possi- 
bility of chain formation; i.e., the two bonded adenine 
molecules are further complexed with other adenines through 
the remaining bonding sites. The self-association data for A 
and dAp(Et)dA were therefore also analyzed in a way which 
allows for chain formation. If one assumes the same associa- 
tion constant for each successive step in the association. then 
the equilibrium can be represented by 

(4) 

where m, is the molar concentration of the n-mer. It follows 
that 

From conservation of mass 

m a 

It can be shown that 

and, hence 

With the use of the Beer-Lambert law, this equation can be 
rearranged to give 

In this case, A,- cs. (AeiCo)'" yields a linear plot the slope and 
intercept of which can be used to calculate K and E .  

The values of ultraviolet extinction coefficients used in the 
analysis were as follows: 1-cyclohexylthymine, 1.08 X l o 4  
at  274 nm; Tp(Et)T, 1.08 X lo4 at 266 nm; %ethyladenine, 



H Y D R O G E N  B O N D I N G  O F  D I N U C L E O S I D E  M O N O P H O S P H A T E S  

FIGURE 1 : Infrared spectra of (A) Tp(Et)T at 0.004 M residue con- 
centration; (B) dAp(Et)dA at 0.005 M. In deuteriochloroform solu- 
tion with a 5-mm infrasil cell; room temperature. 

1.3 x l o4  at 260 nm; dAp(Et)dA, 1.39 X l o4  at 258 nm. 
These values are per base residue and have an accuracy of 
about i 5 %. 

Results 

The self-association and cross-association of adenine and 
thymine in chloroform were studied at the monomer-mono- 
mer, monomer-dimer, and dimer-dimer levels. Although the 
associations of T and A in chloroform have been examined 
before, these investigations have been repeated for comparison 
with our dimer association experiments. The results on the 
monomers also serve as a check on the reproducibility of the 
procedure. The neutral dimers used in the present study, the 
alkyl phosphotriesters of dinucleoside monophosphates, 
have an ethyl substituent on the phosphate (structures I and 
11). In addition, the 3’- and 5’-hydroxyls of the deoxyriboses 
of these neutral dimers are also substituted with blocking 
groups which allow them to dissolve more easily in deuterio- 
chloroform. The thymine triester I carrying a 5’-monome- 
thoxytrityl group and a 3 ’-acetyl group will be designated Tp- 
(Et)T. The adenine triester 11, which is the 5 ’-dimethoxytrityl 
3 ’-benzoyl derivative, will be called dAp(Et)dA. Preparations 
of both Tp(Et)T and dAp(Et)dA contain a mixture of two 
diastereoisomers, owing to  the asymmetry of the alkyl sub- 
stitution on the phosphate (Miller et al., 1971). While these 
diastereoisomers are separately identifiable in the pmr analy- 
ses of these samples, their properties in the present ir study 
cannot be distinguished; therefore, the results reported below 
on Tp(Et)T and dAp(Et)dA are due to an average of these 
two diastereoisomers. 

Figure 1 shows ir spectra of Tp(Et)T and dAp(Et)dA at low 
concentration in deuteriochloroform. They are very similar 
to the spectra of T and A. The spectrum of Tp(Et)T in Figure 
1A shows a peak at 3397 cm-I due to the N-H stretch of un- 
bonded thymine. The big peak below 3200 cm-1 in both spec- 
tra is due to CDC13. In Figure lB, the unbonded -NH2 
groups of dAp(Et)dA give rise to two peaks at 3530 and 3417 
cm-’ due to asymmetric and symmetric stretching, respec- 
tively. The two smaller bands above 3600 cm-1 result from a 
trace of water in the solutions. Special care was taken to  
keep solutions very dry, so that these “water peaks” were 
usually small. 

At higher concentrations when self-association and cross- 
association occur, the absorptions due to free N-H and -NH2 
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bonded-NH 
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bonded -NHz 
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FIGURE 2: Infrared spectrum of an equimolar mixture of dAp(Et)dA 
and Tp(Et)T in deuteriochloroform, with a 5-mm infrasil cell; 
concentration of each component was 0.01 M; room temperature. 

groups increase more slowly with increasing concentration 
than predicted by Beer’s law. New “bonded” peaks arise at 
lower wave numbers. Figure 2 shows an ir spectrum of an 
equimolar mixture of Tp(Et)T and dAp(Et)dA having a resi- 
due concentration of 0.01 M in each. The pattern of the ab- 
sorption bands is essentially the same as observed with A 
and T monomers. The assignments indicated in the figure are 
made in accordance with those of Kyogoku et a/ .  (1967a). 
Considerable cross-association of the dimers has occurred 
at this concentration. The peaks due to free -NH and the 
symmetric stretch of free -NH2 are not resolved in the mix- 
ture, but give a single, broad peak. The bands used in the cal- 
culation of association constants and extinction coefficients 
were the 3397-cm-l band for self-association of T, the 3530- 
and 3417-cm-’ bands for self-association of A, and the 3530- 
and 3487-cm-I bands for cross-association. The 3487-cm-l 
band is due to stretching of the free hydrogen in a hydrogen- 
bonded -NH2 group. 

A few words of explanation are in order concerning the 
estimation of background absorptions to be subtracted from 
the uncorrected ir readings. The two bands used in calculating 
cross-association constants are not well resolved and, in addi- 
tion, they are somewhat distorted by the broader peaks at 
lower wave numbers. This distortion of background, which 
becomes worse with increasing concentration or greater frac- 
tional association, is the greatest source of error in these ex- 
periments. The results of two methods were averaged to yield 
our best estimates of the constants. In the first method, a 
background spectrum of plain CDCl was taken independently 
in the same cell. Background readings from this spectrum 

B I O C H E M I S T R Y ,  V O L .  1 2 ,  N O .  4, 1 9 7 3  723 



DEBOER, M I L L E R ,  A N D  T S ' O  

@ dAp(Et )dA 

u 

$ 0 4 -  

C, /A C, /A 
10 I I 0  
0 d A p ( E t ) d A + T p ( E t ) T  9-ethyladenine 

Co 1 6  ma 
FIGURE 3:  Examples of plots used to analyze association data: 
(A) self-association of dAp(Et)dA; (B) cross-association of dAp- 
(Et)dA and T; (C) cross-association of dAp(Et)dA and Tp(Et)T; 
(D) self-association of 9-ethyladenine. 

were clearly underestimates of the "correct" background. 
In the second approach, a straight line was arbitrarily drawn 
between the spectral minima above 3530 cm-l and below 3487 
cm-I. Background readings from this line were overestimates. 
Our reported association constants represent an  average of 
these two methods and are considered to have an  accuracy of 
*25 %. Since a consistent approach was used in all the calcu- 
lations, their relative accuracy for comparative purposes 
should be better. 

Figures 3A-D show sample plots of the experimental 
data analyzed according to eq 1, 2, 3, and 9, respectively. 

TABLE I :  Infrared Extinction Coefficients (M-I cm-I)." 

Molar Extinction Coefficient 

3487- 
3397- cm-' 
cm-1 3417-cm-' 3530-~m-~ Free 
Free Free -NH2 Free -NH2 H of 
-NH Symmetric Asymmetric Bonded 

Compd Stretch Stretch Stretch -NHe 

156 
140 

223 (200b) 116 (104b) 
154 
110 

133 
104 

228 108 

a Accuracy is about + 10%. Values are per base residue. 
Published values from Kyogoku et al. (196%). 
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TABLE 11: Intrinsic Association Constants in CDC13 at  Room 
Temperature.' 

~ - - - - _._._. 

Compound K, (M-') Lit. Values 
~~ 

Self-Association 
T 3 6  3 Z h  
Tp(Et)T 4 2  
A Pair formation 3 1 3 1' 

Chain formation 2 2 1 4.d 4 8 d  
dAp(Et)dA Pair formation 6 5 

Chain formation 4 0 

Cross-Association 
T + A  92 130b 
Tp(Et)T + A 113 

Tp(Et)T + dAp(Et)dA 192 
T + dAp(Et)dA 72 

_______ _ _ _ _ _ _ ~ ~  
a22-240. bKyogoku et al. (1967b) Constants at  25" 

Nagel and Hanlon 
(1972). The first value is for pair formation and the second 
for higher associations, all taking place in a chain formation 
reaction. 

Kyogoku et al. (1967a). Value at 24". 

The data in Figure 3A are for self-association of dAp(Et)dA 
as measured by the 3530-cm-' peak. Figure 3B shows data for 
cross-association of dAp(Et)dA and T,  again at 3530 cm--'. 
In Figure 3C, the bonded peak a t  3487 cni-' was used to 
analyze cross-association of dAp(Et)dA and Tp(Et)T. Finally. 
in part D ,  self-association of A was analyzed with allowance 
for chain formation. 

The numerical results of all the calculations are summarized 
in Tables I and 11. Table I shows the molar extinction coeffi- 
cients determined for the bands used in the analysis. The ex- 
tinction coefficients of the free -NHs bands of A agree fairly 
well with published values. Also the values obtained for un- 
bonded dimers agree closely with the values for monomers. 

In Table 11, the association constants are listed and com- 
pared with published values whenever available. These are 
all intrinsic association constants calculated in terms of resi- 
due concentration, as will be discussed later. The association 
constants for the monomers are in reasonable agreement 
with those published earlier. The intrinsic constant for cross- 
association of the dimers, i.e., Tp(Et)T and dAp(Et)dA, is 
only about twice as large as that for the monomers, i . ~ . ,  T 
and A. The significance of this finding will be discussed fur- 
ther in the following section. 

Discussion 

The mathematical treatment of the spectral data on the 
dimer-dimer association becomes relatively simple in two ex- 
treme cases: the completely uncooperative case and the com- 
pletely cooperative case. If the association is completely un- 
cooperative, then the two residues in a dimer behave essen- 
tially in an  independent manner, and the problem reduces to 
a monomer-monomer case. If residue concentrations are 
used in the mass-action expression, an  intrinsic association 
constant (Ki) is obtained. The constants tabulated in Table 
I1 were calculated on this basis as intrinsic values. To calculate 
actual molecular association constants, we need to multiply 
such values by a statistical factor of two for monomer-dimer 
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association and a factor of four for dimer-dimer association. 
On the other hand, if the association is completely coopera- 
tive, than the only kind of associated species formed are those 
which have both residues hydrogen bonded. When the dimer 
concentration is used in the mass action expression, the calcu- 
lation yields the actual association constant, whereas when the 
residue concentration is used, the calculation gives a value 
equal to one-half the association constant. If the association 
is only partially cooperative, then, after the two dimers are 
bonded together at  one end, the remaining residues in these 
two dimers are more likely to bind to each other than to resi- 
dues of other dimers. Thus, the various association processes 
have different entropic considerations, and the formation of 
each of the many possible species has its own bias factor. 
In this situation, the mathematics becomes intractable with- 
out additional qualification frsm more experimental find- 
ings. 

How should the dimer-dimer association constant com- 
pare with the monomer-monomer value in each of the cases 
just considered? In the uncooperative case, dimer-dimer as- 
sociation is adequately described by an intrinsic association 
constant which should be approximately equal to the mono- 
mer-monomer value. In the completely cooperative case, the 
free energy of association in the dimer-dimer case should be 
about double the free energy of monomer-monomer associa- 
tion, and, consequently, the dimer-dimer association constant 
should be of the order of the square of the monomer-mono- 
mer value. 

Comparison of the association constants in Table I1 re- 
veals that the dimer-dimer associations in chloroform-d are 
essentially uncooperative. This conclusion is most clearly 
demonstrated in the situation of the cross-association. 
The association constant value (Table 11) for 9-ethyladenine 
and 1-cyclohexylthymine is 92 M-l. The intrinsic association 
constants for the two monomer-dimer cases are the same as 
the monomer-monomer value within experimental error. 
The experimental intrinsic constant of dimer-dimer associa- 
tion is only about twice as large (192 M - ~ )  as that for mono- 
mer-monomer association. In the cooperative case, the 
molecular association constant is obtained by multiplying the 
intrinsic value by a factor of two, i.e., 384 M - ~ .  However, if 
the dimer-dimer association really were completely coopera- 
tive in nature, we should expect an association constant with 
the magnitude of the square of the intrinsic value of the mono- 
mer-monomer. association, i.e., a value of (92)t = 8500. 
Such a large association constant is clearly not observed. 
As for the self-assocjation, the values of the intrinsic con- 
stants are much smaller (Table 11). Therefore, the square of 
some of these values may not be greatly different from the 
products of these vaiues multipled by a factor of two. How- 
ever, wherever such a distinction can be made, such as the 
comparison between the intrinsic constant for T + T 6s. the 
intrinsic constant of Tp(Et)T + Tp(Et)T, the self-association 
data are consistent with the interpretation that there is nearly 
a complete lack of cooperativity in the self-association pro- 
cess. 

The absence of cooperativity in the association ~f the dAp- 
(Et)dA and Tp(Et)T dimers in chloroform implies that the 
linkage between residues in these dimers must be very flexible 
in this solvent. Since the two bases in a dimer behave almost 
independently, there must be very little restriction of rotation 
about the bonds of the backbone. The above conclusion con- 
cerning the great flexibility of the backbone of the deoxydi- 
nucleoside monophosphate ethyl phosphotriesters in chloro- 
form is Dertinent to a series of recent studies about the rigidity 

of the backbone of polynucleotides in aqueous solution. 
Sasisekharan and Lakshminarayanan (1969), Lakshminaray- 
anan and Sasisekharan (1969, 1970), Sundaralingam (1969), 
Arnott and Hukins (1969), and Arnott (1970), on the basis of 
X-ray diffraction analyses of fibers and crystals, have con- 
cluded that the possible conformation of nucleic acid back- 
bone is severely restricted. They noted that each of the tor- 
sional angles of the backbone tends to lie within certain 
limits. Felsenfeld and coworkers (Eisenberg and Felsenfeld, 
1967; Inners and Felsenfeld, 1970; Achter and Felsenfeld, 
1971) have studied the viscosities, sedimentation velocities, 
light scattering, and phase separation of poly(A), poly(U), 
and apurinic acid under a variety of conditions, such as tem- 
perature, salt and polymer concentrations, molecular weight 
series, etc. The unperturbed dimensions of these polynucleo- 
tides were obtained under “ideal” 8 solvent conditions, and 
were found to  have the characteristics of random coils. 
However, the characteristic ratio C,  = (r*)o/nf i ,  where ( P ) O  
is the mean-square end-to-end length for the unperturbed 
chain comprising n skeletal bonds and is the mean-square 
bond length, was found to be unexpectedly large for these 
polynucleotides, being in the range of 15 * 3, even in the ab- 
sence of base-stacking effects. For polyphosphate, C, was 
found to be 6.6-7.2 (Strauss and Wineman, 1958; Strauss and 
Ander, 1962); for L-polypeptide in the coil state, C, was about 
20 (Olson and Flory, 1972a). Inners and Felsenfeld (1970) 
first noted that although a certain amount of restriction can 
be expected to arise from steric hindrance, the steric hin- 
drance alone does not appear to be sufficient to account for 
this large value of C,. They suggested that electrostatic inter- 
action between the charged oxygen atoms of neighboring 
phosphate groups may account for the high C, values if the 
“effective dielectric constant” has a value of ten or less. 

An extensive theoretical analysis of the spatial configura- 
tion of polynucleotide chains has recently been undertaken by 
Olson and Flory (1972a-c). Again they concluded that steric 
interference alone cannot account for the large polymer di- 
mensions observed experimentally. Large values of C,  can 
be obtained only by taking account of electrostatic inter- 
actions between charged atoms in the nucleotide residue in 
addition to the relevant torsional and van der Waals energies. 
These interactions greatly reduce the rotational freedom by 
introducing a strong bias in favor of those conformations 
that minimize the coulombic energy. As a consequence of 
these effects, the unperturbed dimensions are increased 
markedly over those computed on the basis of steric inter- 
actions. A value of 3.0 was used in their calculation for the 
“effective dielectric constant” in the polynucleotide medium. 
It is also possible that interactions between the charged groups 
in the backbone and the solvent may introduce restrictions 
to  rotation about the bonds of the backbone. This possibility 
has been alluded to by Flory (1953), but he assumed that 
such effects would be small. 

In our present experiments, the dimers contain only one 
phosphate group, the charge of which has been neutralized 
by the formation of a triester. Therefore, both effects of 
charged phosphate-charged phosphate interaction and of 
charged phosphate-water interaction are absent. Under this 
condition, the backbone of the dinucleoside monophosphate 
ethyl phosphotriester appears to have little restriction on the 
rotation of its bonds, and the two base residues behave as if 
they are totally independent. This observation reinforces the 
conclusion that the restriction of the rotation of the backbone 
of the polynucleotide in solution cannot be due to steric hin- 
drance alone; the data support the suggestion that the elec- 
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trostatic interaction between the charged groups of the 
polynucleotide backbone and that between the charged groups 
and water could be the cause of the rigidity of the polynucleo- 
tides in a random coil conformation observed in aqueous 
solution. Hopefully, a future study on uncharged polynucleo- 
tide alkyl phosphotriesters in aqueous solution may provide 
additional information to this question. 

Our ir experiments give no information on the configura- 
tions (Hoogsteen type, Watson-Crick type, etc.) of the hydro- 
gen-bonded base pairs. More specific information about 
which atoms are involved in hydrogen bonding can be ob- 
tained from proton magnetic resonance. For l-cyclohexyl- 
uracil and 9-ethyladenine association, it has been suggested 
that both the normal Watson-Crick configuration and Hoog- 
steen pairing exist to about the same extent (Katz, 1969). 
In the uncooperative association of dimers, there is also a pos- 
sibility of forming chains involving bridging of two dimers by 
another dimer. This kind of association may be related to our 
observation of two -NH resonances separated by about 1 
ppm in the pnir spectrum of an equimolar mixture of dAp- 
(Et)dA and Tp(Et)T (Alderfer, DeBoer, and Ts’o, 1972’). 
Further pmr studies will hopefully elucidate these details of 
the association. This problem is also amenable to molecular 
weight measurements of the mixed species in so!ution. 
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